as a source of autologous tissue for transplantation. The therapeutic applicability of any uniparental cell type is uncertain due to the consequences of genomic imprinting that in mammalian uniparental tissues causes unbalanced expression of imprinted genes. We transplanted uniparental fetal liver cells into lethally irradiated adult mice to test their capacity to replace adult hematopoietic tissue. Both maternal (gynogenetic) and paternal (androgenetic) derived cells conveyed long-term, multilineage reconstitution of hematopoiesis in recipients, with no associated pathologies. We also establish that uniparental ES cells can differentiate into transplantable hematopoietic progenitors in vitro that contribute to long-term hematopoiesis in recipients. Hematopoietic tissue in recipients maintained fidelity of parent-of-origin methylation marks at the Igf2/H19 locus; however, variability occurred in the maintenance of parental-specific methylation marks at other loci. In summary, despite genomic imprinting and its consequences on development that are particularly evident in the androgenetic phenotype, uniparental cells of both parental origins can form adult-transplantable stem cells and can repopulate an adult organ.
Normal mammalian development requires both an oocyte-and a sperm-derived genome. This is exemplified by the failure of parthenogenesis in mammals, when an unfertilized oocyte commences development, but does not form a viable fetus in the absence of a male genome. Embryos with two genomes from the same sex that are generated by the exchange of maternal and paternal pronuclei between zygotes have similarly limited developmental potential (McGrath and Solter 1984; Surani et al. 1984) . Androgenetic (AG) embryos with two paternal genomes can form blastocysts and implant, but rarely develop to or past early somite stages, with abundant trophoblast but retarded development of the embryo proper . Diploid parthenogenetic (PG) embryos with two genomes from the same oocyte and developmentally equivalent gynogenetic (GG) embryos with two maternal genomes from different oocytes can occasionally develop to later somite stages but typically lack extraembryonic tissues Surani and Barton 1983) . The inability of PG/GG and AG embryos to form viable fetuses is attributed to the functional nonequivalency of maternal and paternal genomes, which results from epigenetic modifications that occur during germ cell development and lead to parental allele-specific expression of imprinted genes. PG/GG and AG embryos can, however, complete preimplantation development and can give rise to pluripotent embryonic stem (ES) cell lines (Robertson et al. 1983; Mann et al. 1990 ). When combined with normal fertilized embryos to form chimeras, cells of PG/GG and AG origin can contribute to tissues of fetal and postnatal mammals as observed in the mouse (Stevens et al. 1977; Paldi et al. 1989; Mann et al. 1990 ; Barton et al. 1991; Mann and Stewart 1991; Allen et al. 1994) , including the germline (Stevens 1978; Narasimha et al. 1997) ; bovine (Boediono et al. 1999) ; and, in a single reported case, human (Strain et al. 1995) . PG/GG and AG cells exhibit different capacities to participate in chimera development, with a parent-of-origin-related bias in distribution of cells to tissues (Surani et al. 1987; Fundele et al. 1989 Fundele et al. , 1990 Fundele et al. , 1995 Nagy et al. 1989; Barton et al. 1991) , and the formation of specific phenotypes that correlate with abnormal expression of imprinted genes (Allen et al. 1994; Eggenschwiler et al. 1997; McLaughlin et al. 1997) . Androgenetic cells cause severe defects and lethality in chimeras (Mann et al. 1990 ; Barton et al. 1991; McLaughlin et al. 1997 ) and exhibit a propensity for malignant transformation in vitro (Hernandez et al. 2003) . Conversely, parthenogenetic cells often exhibit a reduced ability to proliferate Fundele et al. 1990; Jagerbauer et al. 1992; Hernandez et al. 2003) .
Determining the full extent of contribution and functionality that uniparental cells could potentially attain in adult tissues is not feasible using adult developmental chimeras as a model, due to the restriction or lethality that is associated with uniparental cells during development. Ascertaining whether cells of uniparental origin can function normally in an adult, however, is highly relevant to the potential therapeutic use of PG ES cells (Cibelli et al. 2002) . Therefore, to test the capacity of uniparental maternal and paternal cells to engraft into adults and form functional cells in adult tissues, we transplanted fetal liver cells from AG and GG ES cell chimeras into lethally irradiated adult mice. Normal mammalian fetal liver, at a stage often attained by uniparental chimeras, contains hematopoietic stem cells (HSC) capable of long-term, multilineage reconstitution of the hematopoietic system of adults (Morrison et al. 1995 ). Here we report that both androgenetic and gynogenetic fetal liver cells from mouse chimeras engraft in adult recipients, and can entirely populate hematopoiesis from the uniparental component, providing longterm, multilineage reconstitution. Uniparental ES cells also exhibit hematopoietic differentiation capacity in vitro, and when genetically modified to express the HoxB4 gene , can engraft in lethally irradiated adults and contribute to long-term hematopoiesis.
Results

Fetal livers from uniparental chimeric mice repopulate hematopoiesis in adult recipients
To obtain gynogenetic and androgenetic fetal liver cells for transplantation into adult mice, we first produced GG and AG embryos, from which we derived ES cell lines. We then generated chimeras by injection of AG and GG ES cells into blastocysts, and recovered fetal liver cells for transplantation from developing (13.5-14.5 d of gestation = days post-coitum, dpc) chimeras (Fig.  1A) . Both GG and AG embryos were transgenic for eGFP (Okabe et al. 1997) , such that AG and GG cells could be identified by eGFP fluorescence in fetal chimeras and, after transplantation, in adult recipients. The contribution and differentiation phenotype of the uniparental ES cells in chimeras and teratomas (Supplementary Table 1 ; Supplementary Fig. 1 ) were consistent with previous observations in AG and PG ES cells and chimeras (Mann et al. 1990; Allen et al. 1994; Szabo and Mann 1994) and validated their use for this study.
For hematopoietic reconstitution, fetal liver cells from chimeras, consisting of both blastocyst-derived and injected ES cell-derived cells, were transplanted into lethally irradiated adult B6129Sv mice. Fetal liver transplants from normal (N; derived from fertilized embryos), AG, and GG ES cell chimeras reconstituted recipients with similar efficacy. Contribution of ES cell-and blastocyst-derived cells to the peripheral blood of recipients was monitored monthly after transplantation by analysis of mouse strain-specific glucose-6-phosphate isomerase-1 isoforms (GPI-1 isozyme gel electrophoresis) and revealed high levels of the N, AG, and GG ES cell-derived component in animals (Fig. 1B,C) . Ultimately, recipients had a normal life span and no pathologies associated with uniparental cell transplants.
Regardless of the initial level of ES cell-derived cells in fetal liver transplants that varied between 10% and 60%, the contribution of ES cell-derived cells in recipients typically increased with time, and at 6-9 mo post-transplantation, the peripheral blood of many recipients had high levels of ES cell-derived cells or was entirely ES cell-derived (Fig. 1C ). This predominance of ES cell-derived cells did not correlate with parental origin, and in a few animals of each experimental group (N: 1/7; AG: 3/20; GG: 2/8), blastocyst-derived cells (B6C3 or B6 strain) persisted and, in a control experiment of transplanting only blastocyst-derived fetal liver, repopulated hematopoiesis (data not shown). Competitive secondary transplantation experiments did not reveal any predominance of uniparental or normal ES cell-derived (B6129S1) over B6129Sv bone marrow cells (see below). The frequent predominance of the ES cell-derived cell component from the chimeric fetal liver cells is thus possibly associated with mouse-strain-specific properties. Such strain-specific stem cell properties have been previously associated with observations in mouse chimeras between DBA/2 and B6 strains, in which hematopoiesis over time as well as long-term engraftment into secondary recipients was accomplished by B6-derived cells (Van Zant et al. 1990 , 1992 .
Uniparental HSCs can establish long-term, multilineage engraftment of primary and secondary hosts
Parthenogenetic/gynogenetic and androgenetic ES cells are distinct from each other and normal ES cells in their ability to differentiate into various cell types both in vitro and in vivo (Mann et al. 1990; Allen et al. 1994) , and cells of AG and GG origin may be limited in their differentiation potential into hematopoietic lineages. Using lineage-specific surface markers, we determined the contribution of N, AG, and GG eGFP-expressing cells to lymphoid (B220, CD4-positive), myeloid (Gr-1-positive), and erythroid (Ter119-positive) cell populations of the peripheral blood of recipients. The percentage of peripheral blood lymphocytes positive for each lineage marker, and the percentage of eGFP-expressing cells in each of these populations, were similar in animals with N, AG, and GG derived blood and eGFP transgenic mice (Fig. 2  A,B) , indicating no limitation or bias in the hematopoietic lineage formation of uniparental cells. Steady-state hematology of peripheral blood from recipients reconstituted from N, AG, and GG ES cell-derived fetal liver cells was similar to B6129Sv or eGFP transgenic (B6Osb) mice (Table 1) . High levels of ES cell-derived cells were detected in hematopoietic organs (spleen, thymus, bone marrow) (Supplementary Table 2 ). Animals with an entirely N, AG, or GG ES cell-derived hematopoietic system exhibited normal maturation of T-and B-lymphocytes, indicated by the presence of CD4 and CD8 doubleand single-positive cells in thymus and peripheral blood, respectively, and the expression of IgM and B220 in splenic and peripheral lymphocytes ( Supplementary Fig.  2 ). Bone marrow and spleen cells of animals reconstituted entirely from N-, AG-, or GG-derived cells exhibited normal in vitro myeloid colony-forming activity in a CFU-C assay in methylcellulose (data not shown).
To establish the presence of long-term repopulating HSC, bone marrow from recipients with entirely ES cellderived hematopoietic systems was transplanted into lethally irradiated secondary recipients. All secondary recipients (seven recipients receiving bone marrow from donors with N-derived blood; 19 recipients receiving bone marrow from donors with AG-derived blood; 10 recipients receiving bone marrow from donors with GGderived blood) survived for >12 mo after transplantation, and exhibited N, AG, or GG ES cell-derived peripheral blood. In competitive transplantation assays of bone marrow from primary recipients with entirely N-, AG-, or GG-derived blood mixed with bone marrow cells from B6129F1 animals, cells of all parental types exhibited stable levels of contribution for at least 11 mo subsequent to transplantation, suggesting neither a competitive disadvantage nor advantage compared with normal cells (data not shown).
Uniparental ES cells differentiate into hematopoietic progenitors in vitro
To determine if uniparental hematopoiesis is limited to the codevelopment of uniparental with normal cells within a chimera, or if uniparental cells have the intrinsic capacity to undergo hematopoietic commitment, we ascertained hematopoietic in vitro differentiation of uniparental ES cells using established protocols for murine ES cells (Kennedy and Keller 2003) . Specifically, we analyzed the formation of committed hematopoietic progenitors at day 6 of ES cell differentiation by plating ES cell derivatives at this stage in methylcellulose media containing a mix of hematopoietic cytokines that enabled us to evaluate the formation of primitive erythroid, definitive erythroid, megakaryocyte, macrophage, and multilineage colonies. Both uniparental maternal (GG line 1; three PG ES cell lines, PG lines 1-3) and a paternal (AG line 3 [MM9], previously characterized for imprinting-related phenotypes) (McLaughlin et al. 1997 ) ES cell lines showed commitment to the same hematopoietic progenitor types in vitro as the N ES cells (N ES line 2) (Hooper et al. 1987) , which was consistent with previous observations (Kennedy and Keller 2003) . Similar numbers of hematopoietic colonies were obtained for N, AG, GG, and PG ES cell derivatives (N: 10; AG: 13; GG: 14; PG 1-3: 31; eight and 11 colonies/100,000 cells at day 6 of differentiation).
In vitro hematopoietic derivatives of uniparental ES cells engraft in adult recipients and contribute to hematopoiesis in primary and secondary recipients
Ectopic expression of the homeodomain protein HoxB4 in differentiating ES cells has been successfully used to promote formation of progenitor cells with a definitive hematopoietic phenotype that exhibits engraftment in adult recipients Rideout et al. 2002) . We applied this approach to test the capacity of uniparental ES cells to form transplantable hematopoietic progenitor cells in vitro. Using retroviral transduction with the MSCVHoxB4iGFP vector , we introduced the HoxB4 and GFP genes into differentiating normal (N line 2) and uniparental (AG line 3, PG line 1) ES cells, and transplanted in vitro generated hematopoietic progenitors into lethally irradiated adult B6129Sv recipient mice. ES cell-derived progenitors constitutively expressing HoxB4 can provide extensive donor chimerism in the hematopoietic system of recipients, with predominantly myeloid engraftment Rideout et al. 2002) . We observed contribution of N, AG, and PG derived cells in primary recipients for >4 mo (N: 5/5 recipients; AG: 4/5; PG: 4/6) (Fig. 3A) . FACS analysis of peripheral blood of recipients demonstrated mainly monocytic lineage formation (Gr-1-positive cells) (Fig. 3B) , and low levels of lymphocyte formation-CD4/ CD8 (Fig. 3B ) and B220 (data not shown)-of ES derivatives of N, AG, and PG origin, as previously observed for N ES cells (Kyba et al. , 2003 Rideout et al. 2002) . Upon transplantation of bone marrow from primary into irradiated secondary recipients, N, AG, and PG ES cell derivatives engrafted and contributed to the hematopoietic system of recipients.
Imprinted gene expression and methylation in uniparental hematopoietic tissues
HSCs of both AG and GG origin conveyed long-term, multilineage reconstitution of primary and secondary recipients, implying that both paternal and maternal uniparental cells are functionally comparable to cells of normal origin. To ascertain how imprinting relates to this observation, we analyzed expression and methylation of regulatory regions of imprinted genes in uniparental-derived tissue prior to and post-engraftment in adult recipients. Androgenetic cells isolated from the fetal livers of individual ES cell chimeras (13.5 dpc; at the stage used for transplantation) typically had higher transcript levels of genes preferentially expressed from the paternal allele ANOVA was performed with ␣ = 0.050, and normality tests were passed (P > 0.050). The P values were as follows: B220 total, P = 0.087; B220GFP, P = 0.126; Gr-1 total, P = 0.228; Gr-1GFP, P = 0.635; Ter119 total, P = 0.304; Gr-1/GFP, P = 0.165; CD4GFP, P = 0.077. For CD4 total, Kruskal-Wallis ANOVA on ranks was applied, P = 0.803.
(Dlk-1, Igf2, and Peg3) (Fig. 4A , top left) compared with controls and GG-derived fetal liver cells (Fig. 4A , bottom left), and lower levels of the maternally expressed Igf2r gene compared with controls (Fig. 4A , top right), consistent with their paternal origin. Gynogenetic cells exhibited the expected allele-specific bias for genes normally expressed from the paternal allele (Dlk-1, Igf2, Peg3) (Fig.  4A , bottom left), but not for the maternally expressed Igf2r, p57Kip2/Cdkn1c, and Meg3/Gtl2 genes. Expression levels of the latter were several-fold lower than the imprinted, paternal-allele-expressed genes. Uniparental cells isolated from chimeric fetal liver therefore maintain a mostly parent-of-origin-specific expression pattern of imprinted genes, with some exceptions for genes with preferential expression from the maternal allele.
For analysis of imprinted gene expression of uniparental-derived cells in adult recipients, we chose eGFP/CD3 double-positive splenocytes as a defined cell type, and first identified imprinted genes that are normally expressed in this cell type by microarray analysis of normal eGFP/CD3 double-positive splenocytes. Analysis criteria indicated that only a few imprinted genes examined were expressed at a significant level (Supplementary Table 3 ). Using quantitative real-time RT-PCR, we measured expression of these imprinted genes in eGFP/CD3 double-positive splenocytes from recipients with peripheral blood of entirely AG or GG ES cell origin. No expression bias-for example, no difference between AGand GG-derived cells-was detected for the maternally expressed Ube3a, Igf2r, Meg3/Gtl2 and the paternally expressed impact and U2af1-rs1 genes (Fig. 4B) ; however, relative expression levels for all genes except U2af1-rs1 were very low. It is difficult to define whether the presence of transcripts of imprinted genes that would be ex- The P values were as follows: white blood cells, P = 0.104; absolute lymphocyte count, P = 0.128; absolute neutrophil count, P = 0.554; absolute monocyte count, P = 0.193; hematocrit, P = 0.347. pected to be silenced in AG or GG cells reflects normal basal low-level expression or tissue-specific modulation, or relaxation of the allele specificity of expression. Allele-specific expression of imprinted genes typically does not occur in an all or none pattern, with detectable, albeit lower, expression from the silenced allele Mann 1994, 1995a,b; Matsuoka et al. 1996; Burns et al. 2001) .
Analysis of methylation of the imprinting regulatory region located 5Ј of the H19 gene showed maintenance of parent-of-origin-specific marks in bone marrow cells of recipients with peripheral blood of entirely AG or GG ES cell origin (Fig. 4C) . Similarly, we detected an absence of methylation at CpG islands of the differentially methylated region (DMR) 1 of the Snrpn gene in the AG ES cell lines, and in AG-derived cells in the peripheral blood of recipients, which is consistent with maintenance of male germline specific imprints (Supplementary Fig.  4A ). For the DMR2 of the Igf2r gene, we observed differences between AG ES cell lines: In two of three lines used (AG1, AG3), this region was not methylated, as expected, but some clones derived from AG line 2 exhibited a substantial degree of methylation ( Supplementary  Fig. 4B ). Peripheral blood of recipients with hematopoi- . This region is part of the imprinting control region that regulates reciprocal allele-specific expression of the H19 and Igf2 genes. In normal tissues, the paternal allele is methylated, and the maternal allele is unmethylated. Bone marrow from two recipients (R) with entirely AG-derived hematopoietic systems (AG1 R6, AG1 recipient 6; and AG2 R3, AG2 recipient 3), and from two recipients with GG-derived hematopoietic systems (GG 1, recipients 2 and 7) was analyzed. Each line represents a single clone. Clones derived from AG tissue exhibit a high degree of methylation, whereas clones from GG tissue are unmethylated, indicating conservation of parent-of-origin-specific methylation marks. etic systems derived from cells of the unmethylated AG line 1 had several clones (4/14) that were methylated, indicating a change in methylation between ES cells and their engrafted derivatives. Both the Snrpn DMR1 and the Igf2r DMR2 were hypomethylated in the GG ES cell line 1 and in its derivatives in recipients, and thus not consistent with the maintenance of maternal-specific methylation marks, but also not associated with changes between ES cells and their derivatives ( Supplementary  Fig. 4A,B) . In summary, it appears that one locus that is typically prone to methylation changes (H19/Igf2) maintains fidelity of parent-of-origin-specific marks in recipients. For two other loci (Snrpn; Igf2r), we observe heterogeneity in methylation, with mostly conserved patterns in AG ES cells, some unexpected methylation in AG-derived hematopoietic cells, but a complete absence of maternal-specific methylation in GG cells.
Discussion
We provide evidence that both gynogenetic and androgenetic cells form functional HSCs by demonstration of long-term, multilineage reconstitution of primary and secondary recipients with uniparental-derived fetal liver cell transplants. The capacity of uniparental ES cells to differentiate into adult repopulating hematopoietic progenitors in vitro, when genetically modified to express HoxB4, reveals that the ability of uniparental ES cells to commit to hematopoiesis is intrinsic and does not require codevelopment in vivo with normal cells such as in a developmental chimera. Formation of several cell types in vitro has been shown for nonhuman primate parthenogenetic ES cells (Cibelli et al. 2002) , and parthenogenetic ES cell-derived dopaminergic neurons can survive in a transplantation model (Sanchez-Pernaute et al. 2005) , although whether these cells can functionally integrate is uncertain. Our findings provide evidence that transplanted uniparental cells can proliferate in and even replace an adult organ, substantiating the concept of using derivatives of uniparental ES cells for transplantation. The success in repopulating adult tissue with androgenetic tissues contrasts with their developmental limitations and establishes that they are a potential source of patient-derived transplantation tissue.
Studies on postnatal uniparental chimeras reveal that uniparental cells are limited in their contribution to certain adult tissues and organs, both quantitatively and functionally (Mann et al. 1990; Jagerbauer et al. 1992; Allen et al. 1995; Narasimha et al. 1997 ). The analysis of parthenogenetic ES cell chimeras has indicated some capacity of parthenogenetic cells for normal hematopoietic maturation in adult chimeras, however, at low contribution levels to the hematopoietic system (<10%) (Sturm et al. 1997) . Androgenetic cell contribution to postnatal chimeras is severely restricted and frequently associated with lethality (Mann et al. 1990; Mann and Stewart 1991; Narasimha et al. 1997) . Here, we did not observe a limit in the contribution of either uniparental cell type to the hematopoietic system and cell types thereof, with replacement of the whole organ in some recipients. An explanation could be that transplantation of fetal-stage uniparental cells into the adult bypasses developmental stages when abnormal expression of imprinted genes becomes particularly consequential, such as those involved in regulation of fetal and perinatal growth (Eggenschwiler et al. 1997; McLaughlin et al. 1997; Smith et al. 2006 ). This would be consistent with the observation that postnatal uniparental chimeras that survive weaning stabilize with respect to the manifestation of imprinting-related defects (Mann et al. 1990; Narasimha et al. 1997; Sturm et al. 1997) . It is also conceivable that in some tissues or organs, a very large contribution of uniparental cells may be compatible with their normal development and function. In androgenetic chimeras, this would not be observed due to prior lethal effects in tissues that are susceptible to imprinting-related defects. In adult parthenogenetic mouse chimeras, despite higher levels of contribution, an entire contribution of parthenogenetic cells to specific tissues or organs has not been described (Fundele et al. 1989 (Fundele et al. , 1990 Jagerbauer et al. 1992; Sturm et al. 1997) . The question as to whether uniparental cells can form other adult organs could be broadly tested by tissue replacement of various adult tissues using uniparental cells.
Unbalanced expression of imprinted genes such as occurs in uniparental embryos and cells and those with uniparental duplication of imprinted chromosome regions is associated with fetal, perinatal, and postnatal defects and lethality (Solter 1988; Cattanach et al. 2006) . While imprinting persists in the adult, understanding of its role in normal adult tissues and organs is minimal (Wood and Oakey 2006) . Allele-specific expression of various imprinted genes is often regulated in a developmental-and tissue-specific manner (Latham 1995) . In the adult, allele-specific expression of imprinted genes can be restricted to cell types or regions within tissues, such as seen for Ube3a, for which maternal-specific expression occurs in certain neurons and subregions of the brain (Albrecht et al. 1997) , while other regions of the CNS and several somatic tissues express the gene in a biallelic manner. Imprinting in the mammalian hematopoietic system has almost exclusively been studied in the human, particularly in respect to the imprinted insulin-like growth factor II (IGF2) gene and the loss of imprinting associated with tumorigenesis. In human blood mononuclear cells, IGF2 is usually expressed monoallelically from the paternal allele. A study on patients with malignant lymphoma revealed that abnormal biallelic expression of IGF2 was not only observed in patients with tumors, but also in up to 20% of healthy controls (Vorwerk et al. 2003) , suggesting that both mono-and biallelic expression is compatible with normal hematopoiesis. Biallelic expression of IGF2 occurs in bone marrow and activated lymphocytes, putatively associated with developmental stages or proliferation (Morison et al. 2000; Hofmann et al. 2002) . It therefore appears that considerable variation in the expression and parental allele-specificity of expression of imprinted genes can be associated with normal hematopoiesis. The unique report of a human patient with blood leukocytes entirely of uniparental maternal origin (Strain et al. 1995) and our observations on hematopoietic engraftment and differentiation of murine gynogenetic and androgenetic cells suggest that the hematopoietic system is either extremely flexible with respect to the consequences of the presence of two maternal or two paternal genomes, or that imprinting in uniparental hematopoietic cells becomes relaxed to a degree that permits stem cell formation and subsequent differentiation into progenitors and differentiated cell types.
We observe that expression and parent-of-origin-specific methylation marks of imprinted genes are mostly conserved in androgenetic ES cells and their fetal derivatives, and that methylation patterns remain consistent with androgenetic origin at two of three loci analyzed in androgenetic cells in adult recipients. In contrast, gynogenetic ES cells exhibit loss of the maternal-specific methylation mark at two of three imprinted loci, and this hypomethylation remains in gynogenetic cells in adult recipients. Considerable epigenetic variability of ES cells and their fetal and postnatal derivatives has been described, but the functional consequences of this variability are unclear. Both abnormal fetal phenotypes (Dean et al. 1998 ) and lack of detectable abnormalities in postnatal animals (Humpherys et al. 2001 ) have been reported for derivatives of ES cells from fertilized embryos. For uniparental ES cell lines, parthenogenetic ES cell lines are more prone to lose imprinting-related gene expression and phenotype, while androgenetic ES cell lines exhibit higher fidelity of parent-of-origin characteristics (Mann 1992; Szabo and Mann 1994; Sturm et al. 1997; Hernandez et al. 2003) , similar to our observations. Despite some variability observed in methylation of the Igf2r locus in one of the androgenetic ES lines and in gene expression patterns of androgenetic fetal liver cells, the phenotype of fetal (overgrowth, malformations, lethality) and postnatal (neonatal lethality, rib cartilage defects, polydactyly) (data not shown) chimeras generated with the androgenetic ES cell lines used in this study was consistent with the maintenance of functional outcomes of imprinting in androgenetic lines. Ultimately, for both paternal and maternal uniparental ES lines tested, we observed no difference in the effective repopulation of adult hematopoiesis. Although the significance of imprinting for hematopoiesis is undefined and we have only examined a subset of imprinted loci, our findings support the notion that there is considerable flexibility or tolerance in relation to variations in imprinted gene expression and methylation in the hematopoietic system of the adult.
The proposed use of uniparental (parthenogenetic) (Cibelli et al. 2002 ) ES cells for cell-based replacement therapies requires demonstration of immune compatibility and functionality while not conveying undesired pathologies. It has been verified that parthenogenetic ES cell lines can be generated with the full complement of major histocompatibility complex antigens (Kim et al. 2006) , and the same should apply to androgenetic and gynogenetic lines. Our observations during long-term engraftment of androgenetic and gynogenetic cells in adults do not indicate malignancies or proliferation defects of uniparental cells. Adult cells, however, are typically not subject to the influence of fetal growth factors such as IGF-II that have been implicated with proliferation defects and malignant transformation in fetal fibroblasts (Hernandez et al. 2003) . In adult gynogenetic chimeras, we have not detected a propensity for tumorigenesis (data not shown). Although the engrafted uniparental-derived hematopoietic cells appear normal, it cannot be excluded that the observed variant imprinted gene expression may cause problems in other transplanted tissues types. Characterization of the ability to safely transplant various cell types will be required to determine the broader therapeutic applicability of uniparental ES cell derivatives. Indirectly, this will be also valuable as a model to evaluate the role of genomic imprinting in adults.
Materials and methods
ES cell lines and chimeras
Animals were maintained and used for experimentation according to the guidelines of the Institutional Animal Care and Use Committee of the University of Pennsylvania. AG embryos were produced by pronuclear transplantation (McGrath and Solter 1983 ) of the paternal pronuclei of zygotes from an intercross between C57BL/6NTac × C3H F1 females (Taconic; #B6C3F1; abbreviated B6C3) and eGFP transgenic C57BL/6-TgN (ACTbEGFP) 1Osb males (Jackson Laboratories; #003291; abbreviated B6Osb) (Okabe et al. 1997 ) into zygotes from a B6C3 × 129S1/SvImJ (Jackson Laboratories #002448; abbreviated 129S1) intercross, from which the maternal pronuclei had been removed. GG embryos were produced by transplantation of the maternal pronuclei of zygotes from a 129S1 × ICR (Taconic #ICR) intercross into zygotes from a B6Osb × ICR intercross, from which the paternal pronuclei had been removed. Embryos were cultured to the blastocyst stage in ␣-MEM (Sigma) supplemented with BSA (Pentex). Zona-free eGFP-positive blastocysts were placed on feeder fibroblasts, and ES cell lines were derived from outgrowths under standard conditions. N ES cell lines were derived from eGFP-positive blastocysts from a 129S1 × B6Osb intercross. Only uniparental embryos but not the donor zygotes could both be eGFP transgenic and express the A-form of GPI-1 that is distinct to the 129S1 strain (all other strains and outbred ICR males: GPI-1 bb), enabling unequivocal verification of the uniparental origin of ES cell lines. Parthenogenetic ES cells (B6129F1) were derived as described (Mann 2001) , with the modification that oocytes were activated using 10 mM SrCl 2 .
The ability of ES cell-derived fetal liver cells to reconstitute irradiated adult recipients has been shown (Forrester et al. 1991) . ES cell chimeras were produced by injection of ES cells into C57BL/6NTac (Taconic #B6, abbreviated B6) or B6C3 × B6 hybrid blastocysts, and embryo transfer into pseudopregnant ICR females. Fetuses were recovered at 13.5 dpc (AG) or at 14.5 dpc (GG and N ES). Uniparental and N ES cell lines were heterozygous for the alleles encoding the A and B electrophoretic forms of GPI-1, or homozygous for the A-encoding allele (AG ES line 3) (McLaughlin et al. 1997) , and blastocysts were homozygous for the allele encoding the B form, permitting detection and quantification of ES cell-derived cells by GPI-1 isoenzyme electrophoresis. Standard curves for GPI-1 analysis were ob-tained by mixing peripheral blood from mice carrying different Gpi-1 alleles at known ratios.
Real-time RT-PCR
The eGFP-positive cell population from fetal livers from individual midgestation chimeras, and eGFP and CD3 double-positive cells from the spleens of recipients were collected using a FACSVantage Sort (BD Pharmingen). RNA was extracted using RNeasy columns (Qiagen). Eighty nanograms of total RNA were reverse-transcribed using Dynabeads (Dynal), resulting in beadcoupled cDNA libraries (Mann et al. 2003) . Real-time PCR on Dynabead libraries was performed on a Roche LightCycler using LightCycler FastStart DNA Master SYBR Green I (Roche). The oligonucleotide sequences were Igf2r, 5Ј-TAGTTGCAGCT CTTTGCACG-3Ј and 5Ј-ACAGCTCAAACCTGAAGCG-3Ј; p57Kip2/Cdkn1c, 5Ј-TTCAGATCTGACCTCAGACCC-3Ј and 5Ј-AGTTCTCTTGCGCTTGGC-3Ј; Meg3/Gtl2, 5Ј-TTGCACA TTTCCTGTGGGAC-3Ј and 5Ј-AAGCACCATGAGCCACTA GG-3Ј; Dlk-1, 5Ј-CTGGCGGTCAATATCATCTTCC-3Ј and 5Ј-GAGGAAGGGGTTCTTAGATAGCG-3Ј; Igf2, 5Ј-CTAAGA CTTGGATCCCAGAACC-3Ј and 5Ј-GTTCTTCTCCTTGGGT TCTTTC-3Ј; Peg3, 5Ј-TAGTCCTGTGAAGGTGTGGG-3Ј and 5Ј-GTAGGGATGGGTTGATTTGG-3Ј; Ube3a, 5Ј-CACATA TGATGAAGCTACGA-3Ј and 5Ј-CACACTCCCTTCATATT CC-3Ј; Impact, 5Ј-ACGTTTCCCCATTTTACAAG-3Ј and 5Ј-CTCTACATATGATTTTCTCTAC-3Ј; U2af1-rs1, 5Ј-TAAG GCAGCACCACTTGGAC-3Ј and 5Ј-TAAGGCAGCACCACT TGGAC-3Ј; and ␤-actin, 5Ј-GATATCGCTGCGCTGGTCG TC-3Ј and 5Ј-ACGCAGCTCATTGTAGAAGGTGTGG-3Ј.
Fetal liver transplants
Single-cell suspensions of fetal livers from chimeras were injected into lethally irradiated (9.5 gy, Cesium 137 source) adult hybrid mice between B6 and 129S6/SvEv (B6129 Hybrid mice; Taconic #B6129; named B6129Sv; Gpi-1 alleles bc) mice via the lateral tail vein (0.6 × 10 6 to 3 × 10 6 fetal liver cells per recipient). For secondary reconstitutions, bone marrow harvested from tibiae and femora of primary recipients was injected into the lateral tail vein of lethally irradiated (9.5 gy) B6129Sv mice.
Flow cytometry and peripheral blood hematology
Cells were stained with phycoerythrin (PE), PE-Cy5, and biotinconjugated monoclonal antibodies specific for lineage markers including CD4 (L3T4), CD8 (Ly-2), CD45R/B220, Ly-6G (Gr-1), Ter119/Ly-76, and IgM (Igh-6b). Biotinylated antibodies were detected using a secondary streptavidin-PE-Cy5 conjugate. All antibodies were obtained from BD Pharmingen. Cells were analyzed on a BD LSR. Peripheral blood hematology was performed as previously described (Bunting et al. 2002) .
Bisulfite sequencing
Genomic DNA isolated from bone marrow cells was digested with XhoI and treated with sodium bisulfite as described (Clark et al. 1994) . Bisulfite-treated DNA was amplified by seminested PCR under standard conditions using ExTaq Hot Start Version (TaKaRa). Oligonucleotide sequences were 1401F (5Ј-TTTT GAATTATTATAAGGAA-3Ј) and 2159R (5Ј-ATCAAATATC CTCATAAATA-3Ј) for primary PCR, and 1401F and 1842R (5Ј-ACAACCCTAATCTTTACACA-3Ј) for secondary PCR. The amplified DNA fragment was subcloned into a pGEM-T Easy vector (Promega) for sequencing.
In vitro hematopoietic differentiation
Methylcellulose colony-forming assays in medium supplied with a cytokine cocktail (M3434; StemCell Technologies) were performed after 6 d of ES cell differentiation as described (Kennedy and Keller 2003) .
For transplantation, ES cells were differentiated for 6 d, then transduced with MSCVHoxB4iGFP and cultured on OP9 stromal cells for 12 d as described (Kyba et al. , 2003 Rideout et al. 2002) . Differentiated cells were transplanted into lethally irradiated (9.5 gy), NK-depleted (i.p. injection of Anti-asialo GM1 [Wako] 24 h prior to transplant) B6129Sv mice.
Statistical analysis
One-way analysis of variance (ANOVA) and Kruskal-Wallis ANOVA on Ranks were applied using SigmaStat software.
